I. INTRODUCTION
C ABLE bundles in aircraft and automotive systems consist of densely packed power signal wires mixed with highspeed data. The fields generated by one wire couple with another one nearby causing crosstalk. Models for the crosstalk help engineers to predict potential issues, which is beneficial for optimizing the system design.
Available crosstalk modeling techniques are based upon multiconductor transmission line theory [1] with RLGC parameters calculated from well-defined cross sections of the multiconductor transmission lines [2] - [9] . Repeated cross-sectional analysis is applied to include the effect of random or systematic variations of the wire positions [10] , [11] . The same approach has been used to analyze the crosstalk in complex aircraft bundles [12] , [13] , which are made primarily from shielded twisted pairs, with the addition of power wires. The disadvantage of cascading multiple transmission lines is that the cross-section geometry needs to be known in order to construct a wire representation in the cable bundle. In practice, manufacturers might not be able to provide the geometry and its range of variations. The manufacturers generally have little control of the way the cable bundles are assembled into the connectors. It has been shown that most of the coupling between the twisted pairs of the cable bundles occurs at the connectors [14] where the shield has been removed and the wires untwisted. The parameters which determine the crosstalk within the connector are typically unknown and cannot be predicted through modeling because the position of wires within the connector is random and the connector manufacturing technique is not known. Such geometry may be extracted from X-ray scanning, but at high cost for the analysis of only a single cable bundle. Thus, it is not practical to scan every cable bundle for quality control in industrial applications. Another option is dissecting a cable assembly, which would allow the geometry of the cable to be understood. However, this does not lead to an electromagnetically relevant model without transferring the observed imperfections into an equivalent circuit model. In the early stages of design, the number of available cables may also be limited, so deconstruction of the connector may not be feasible.
A measurement-based methodology was developed in prior research [14] and extended in this paper to determine the crosstalk parameters within the aircraft cable connector and to model the crosstalk from a straight wire pair (e.g., power wires against the metal plane below) to shielded twisted pairs within an aircraft cable bundle. The power wires were selected because they do not have shielding layers and carry low-frequency, highintensity signals, which behave as interference sources in the aircraft and automotive systems [6] . The method can be effective for analyzing complex aircraft cable assemblies and connectors without requiring the extensive knowledge of the assembly procedure. It only uses transmission lines, mutual capacitance, and mutual inductance to predict the worst-case crosstalk up to 400 MHz. 
II. DESCRIPTION OF CABLE BUNDLE
The methodology discussed in this paper was derived from the analysis of a cable bundle shown in Fig. 1 . The cable bundle has 15 wires of 21-AWG size, including: 1) one shielded twisted triplet, 2) two unshielded single (power) wires, and 3) five shielded twisted pairs. The wires of the cable bundle at the near end (or connector end) were inserted into 15 separate pins, which each fit into a connector shell and formed the connector. The connector was then attached to an adaptor made from a printed circuit board (PCB) with fifteen 5 cm long semirigid coaxial cables as shown in Fig. 1(b) . This allows fast and repeatable connection of the wires at the near end [15] . The wires were then separated from each other at some locations along the length of the cable bundle, mimicking the wire routes in an aircraft. At the far end, the wires were not bundled; hence, the far-end crosstalk is not discussed in this paper. The overall cable bundle was enclosed in a 10 cm long shield directly after the connector shell, as shown in Fig. 1(c) . The rest of the cable bundle did not share a common shield. The cable bundle was placed on a metal plane, which is analogous to the metal body of an aircraft. The metal plane also provides a current return path for the power wires.
The goal was to model the crosstalk from the power wire (against the metal plane as a return path) to the shielded twisted pairs in Fig. 1(a) . The power wire was selected as the starting point because it does not have a shielding layer and may carry high-intensity signals, which act as interference sources. The power wire was connected to pin 8 within the connector shell, as shown in Fig. 1(a) . One signal wire of the twisted pair was connected to pin 2 of the connector, while the other signal wire was connected to pin 10. The single-ended crosstalk was measured at pin 2 or 10 against the shield, while the differential crosstalk was measured between pins 2 and 10. The fields generated by power wire 8 coupled with the twisted pairs inside the connector shell. Outside the connector shell, power wire 8 and the twisted pairs did not couple because the pairs are shielded. This wire configuration indicates that the coupling from power wire 8 to the twisted pairs occurs primarily within the connector shell and that the coupling inside the cable bundle is negligible.
The crosstalk could potentially be predicted using full-wave simulation tools, but the wire positions within the connector are unknown, as is much of the way that the connector is manufactured. For example, unknown parameters include how far back from the connector pins are the wires untwisted or the shields removed, the electrical properties of the material used to support the pins inside the connector, and the way the shields are connected to the connector. From the outside, it is only known that there is a good dc connection between the shields. Therefore, a measurement methodology was developed to directly determine the coupling parameters within the connector, without knowledge of the connector geometry.
III. WIRE-TO-WIRE CROSSTALK MODEL

A. Characteristics of Wires
The cable bundle was placed on the metal plane which formed a transmission line between power wire 8 and the metal plane. Other transmission lines were formed between the signal wires and their shields of the shielded twisted pairs. Both the metal plane and the shield were attached to the connector shell. Measurement ports were defined so that the excitation was between each wire and the connector shell.
The reflection coefficients looking into the ports were measured using a vector network analyzer (VNA), and were then used to generate the time-domain signals to obtain the step response of the transmission lines. The parameters of the transmission lines, such as characteristic impedance and effective dielectric constant, were extracted and listed in Table I . These parameters were validated by comparing the measured and simulated step responses from the cable bundle and its model, respectively. The step response of power wire 8 against the metal plane is shown in Fig. 2 as an example. It should be mentioned that these comparisons may also be quantified using the feature selective validation technique specified in the IEEE standard [16] established in [17] and [18] . The discontinuity inside the connector is represented by two self-inductances, L 8, 8 (44 nH) and L 10,10 (20 nH), as shown in Fig. 3 . The small ripples are caused by different distances along the transmission line between power wire 8 and the metal plane, even though the wire was taped to the metal plane to minimize the distance variation during the measurements.
B. Characterization of Wire-to-Wire Coupling
The mutual coupling, as pointed out in Section II, occurs mainly inside the connector. Thus, the wires outside the connector were considered to be uncoupled transmission lines. At frequencies low enough to consider the transmission line as electrically short, the coupling within the conductors can be forced to be either inductively or capacitively dominated by shorting or opening the far ends of the wires, respectively. For the case where the far ends are open-ended, the mutual capacitance, C ij , can be approximated as [14] 
where |S ij,O |, as shown in Fig. 4 , is the magnitude of the transmission coefficient from one transmission line to another in the frequency range below the first resonance, and Z 0 is the source and load impedance of the measurement device. The mutual inductance, L ij , can be approximated as [14] where |S ij,S |, as shown in Fig. 5 , is the magnitude of the transmission coefficient in the frequency range below the first resonance, when both wires are shorted to ground. The measured mutual inductances and capacitances from power wire 8 to the twisted pairs are listed in 
C. Validation of Wire-to-Wire Crosstalk Model
The equivalent circuit model was validated against measurements for open and shorted far-end terminations. In the first configuration, the coupling between power wire 8 and wire 10 was investigated, as this case is representative of the coupling from power wire 8 to any of the twisted pairs. The values of S 10,8,O are shown in Fig. 4 . At low frequency, the wires attached to the connector were electrically short, thus a high impedance was seen. Capacitive coupling was shown to dominate over inductive coupling, as indicated from (1) where the slope of |S 10,8,O | is +20 dB/dec. The portion of the curves where capacitive coupling dominates was labeled as CAP in the figure.
As frequency increased, the wires became electrically long and the open termination (Z L = Z F E = ∞) was transformed to a smaller input impedance seen when looking from the connector into the cable. The current in power wire 8 induced a voltage drop across the twisted pair through mutual inductance. Simultaneously, the current source from the mutual capacitance still coupled energy from power wire 8 to wire 10. The induced voltage from the current source at port 10 cancelled the effect of the induced voltage from inductive coupling, which resulted in a null in |S 10, 8 ,O | between 5 and 6 MHz in Fig. 4 .
As the frequency increased further, the wires became a quarter-wavelength long, and the open terminations Z L and Z F E were transformed to shorted terminations when looking into the transmission line from the connector. The dominant coupling mechanism became inductive coupling, which was labeled as IND in the figure. The effective dielectric constant of the material around the wires was about 2.1 and the wires were about 2 m long which placed the quarter-wavelength frequency at approximately 25 MHz. The first peak in |S 10,8,O | followed the first null and occurred at 28 MHz, which is close to this expected frequency.
When the wires became a half-wavelength long, capacitive coupling again became the dominant coupling mechanism. A half wavelength transformation should have occurred at approximately 50 MHz, returning the load conditions to open (Z L = Z F E = ∞). The second peak of |S 10,8,O | (attributed to capacitive coupling) occurred at 54 MHz, which closely matched the prediction.
The impedance looking into the cables attached to the connector was transformed from an open to a short and back every quarter wavelength. The dominant coupling mechanism in the induced signal switched between capacitive and inductive, causing the peak levels above 54 MHz to alternate between high and low levels. So long as the connector was electrically small and the loss in the cable was ignored, the inductive and capacitive coupling increased at 20 dB/dec, as shown in Fig. 4 .
Similar observations were made for other configurations. A comparison of the measured and predicted values of |S 10,8,S | is shown in Fig. 5 . In each case, the measured and predicted values matched within 7 dB up to about 400 MHz. 
IV. WIRE-TO-TWISTED WIRE PAIR CROSSTALK MODEL
A. Characteristics of Twisted Wire Pair
The twisted pairs were characterized with single-ended, 2-port VNA measurement by terminating all unmeasured ports in Fig. 7(a) with 50 Ω loads and measuring two ports at a time. The 2-port S-parameters were then used to generate time-domain signals to obtain the differential-mode (DM) and common-mode (CM) characteristics, including impedance and effective dielectric constant. The parameters of the twisted pairs are summarized in Table III . The measured, calculated, and modeled DM and CM characteristic impedances are shown in Fig. 6 . The farend terminations of the twisted pairs were formed by two 50 Ω resistors, each between the signal conductors and the shield. Therefore, 100 Ω DM impedance and 25 Ω CM impedances were observed after 20 ns, which is the electrical length of the cable. Compared to the characteristic impedance shown in Fig. 2 , the DM and CM characteristic impedances had smaller variations along the propagation direction. This reduced variation occurs because the cross section of the twisted pairs had less translational variation than the single-ended power wire 8.
B. Differential Coupling Modeling and Validation
A differential coupling model was created to model the coupling from power wire 8 (aggressor) to other victim wires, as shown in Fig. 7(b) . In the model, weak coupling was assumed; i.e., both the coupling from the victim back to the aggressor and the coupling among the victim wires were neglected. The capacitive coupling is represented as mutual capacitance, while the inductive coupling is represented as a current controlled voltage source. The values of the mutual inductance and capacitance were obtained from the wire-to-wire coupling measurement and listed in Table II . The twisted pair was modeled as two coupled transmission lines with DM and CM impedances as characterized above. The far end of the aggressor was connected to Z L and the far ends of the victims were each connected to Z F E . A source port with an impedance of 50 Ω was assigned to power wire 8 at the connector and numbered as port 8. Ten receiving ports were assigned to the five twisted pairs {j, k}. Each port had a load impedance of 50 Ω. The coupling from the power wire to the differential mode of the twisted pairs is expressed as
A set of comparisons between measured and modeled differential coupling was performed. Two of the comparisons are shown in Figs. 8 and 9 as representative examples. The modeled differential coupling matches the measured coupling within 5 dB. Additional comparison with the differential crosstalk from an aggressor to a 1.9 m long unshielded twisted pair around 1 MHz in [19] further validates that the coupling within the connector shell is dominant over the crosstalk along the cable in certain cases.
V. WORST-CASE CROSSTALK ESTIMATION
In Sections III and IV, the TDR response was used to extract the characteristics associated with each wire. These values were critical for the equivalent circuit model to accurately predict the crosstalk from the aggressor wire to the victim wires at all frequencies. The detailed prediction of crosstalk included estimations of the frequency at which the first null of |S 21 | occurs, the frequency at which the inductive coupling is dominant in the induced signal, the frequency at which the capacitive coupling is dominant in the induced signal, and the frequency interval between two neighboring peaks. While this information might be useful in many applications, the engineer is only interested in the worst-case crosstalk. A closed-form solution which predicts the worst-case crosstalk can be obtained by ignoring the wire characteristics that were part of the models in Figs. 3 and 7 .
A. Derivation of Worst-Case Differential Crosstalk
An equivalent circuit model shown in Fig. 10 was used to derive the solution to the worst-case crosstalk when inductive coupling was dominant. Z s represents the source impedance, while Z j and Z k represent the load impedance. The single wire (power wire) is represented by the aggressor transmission line in the model, while the twisted pairs are represented by the victimcoupled transmission lines. Mutual capacitive coupling between the aggressor and victim lines was ignored because the strongest capacitive coupling and the strongest inductive coupling do not occur under the same conditions, as indicated in Figs. 8 and 9 .
The schematic shown in Fig. 10 was transformed with a Y circuit used for the coupled transmission lines (victim) and is shown in Fig. 11 . The parameters of a lossless transmission line, Z ii , Z kk , and Z L , are purely reactive when the transmission line is shorted to ground. The aggressor transmission line parameter Z ii is also purely reactive.
Applying KVL for each current I i , I j , and I k in Fig. 11 gives
For weakly coupled wires, the induced voltages from the victim to the aggressor is assumed to be zero; that is, jωL ij I j = jωL ik I k = 0. The DM and CM currents, I j −I k and I j + I k , can be calculated from the following equations:
where 
When the series combination of jωL ii and Z ii in Fig. 11 is zero, the source current I i in the aggressor transmission line is at a maximum
When L j j = L kk and Z j j = Z kk in Fig. 11 , there is no mode conversion, and the imaginary part of a in (5) is zero
The DM current I j −I k in the victim loop is also at a maximum. The DM voltage across Z j and Z k can then be calculated as
The DM voltage increases with a slope of 20 dB/dec, until losses start decreasing the loop currents, which is not discussed here.
Similarly, when capacitive coupling is dominant, the DM voltage across Y j and Y k can be derived from the model in Fig. 12 a
where Fig. 13 . Predicted envelope of crosstalk for inductive differential coupling using the model shown in Fig. 7 . The victim is the twisted wire pair {2, 10}. The near-end impedance is 50 Ω.
When the imaginary parts of a and d in (9) are zero, a solution to the worst-case crosstalk can be calculated as
(10) It can be inferred from (8) and (10) that the induced worstcase DM voltage depends on the difference of two mutual inductances or mutual capacitances, and that the slope of the induced voltage is 20 dB/dec.
B. Validation of Worst-Case Differential Crosstalk Estimate
The worst-case crosstalk estimate was validated against measurements using inductive-dominant coupling and capacitivedominant coupling configurations. As shown in Fig. 7 , the source and load impedances are 50 Ω at the near ends of the transmission lines and the far ends are shorted to ground. For the induced voltage configuration, the maximum inductive coupling is stronger than the maximum capacitive coupling. The estimated envelope using (8) captured the measured peak values of crosstalk for the twisted wire pair {2, 10}, as shown in Fig. 13 . The estimated worst-case crosstalk and measured peak values for other pairs also followed this pattern.
For the capacitively dominant coupling configuration, the far ends of the transmission lines were terminated with an open, while the near-end source and load impedances were set to a high impedance of 300 Ω. This larger near-end impedance led to smaller aggressor currents in (5), and consequently less inductively induced DM voltage in (7) . The capacitively induced voltage in (8) increased, since the admittance Y j became smaller, while the DM source −jωV s (C ij − C ik ) remained the same. In order to compare the estimated crosstalk with the measured crosstalk, the measurement was renormalized to 300 Ω from the 50 Ω used previously by the VNA. The estimated maximum crosstalk envelope using (10) captured the measured peak values for the twisted wire pair {2, 10} within 6 dB, as shown in Fig. 14. 
VI. CONCLUSION
An experimental methodology based on VNA measurements was developed in order to determine the coupling parameters within a cable bundle and the characteristic impedance and effective dielectric constant of the wires. To predict the singleended and differential crosstalk between the wires, an equivalent circuit model was created. The model was then validated against actual measurement results. A closed-form expression for estimating the worst-case crosstalk in the cable bundle, when the coupling mainly occurs inside the connector shell, was also derived and evaluated. The closed-form expression is shown to be reasonably accurate as maximum crosstalk estimates are generally within 6 dB of the peak crosstalk measured from this cable bundle. These results indicate that this measurement-based method can be effective for analyzing complex aircraft cable assemblies and connectors without requiring extensive knowledge of the assembly procedure.
